Learning theories hypothesize specific circuits encode essential information for performance. For simple tasks in invertebrates and mammals, the essential circuits are known, but for cognitive functions, the essential circuits remain unidentified. Here, we show that some essential information for performing a choice task is encoded in a specific circuit in a neocortical area. Rat postrhinal (POR) cortex is required for visual shape discriminations, protein kinase C (PKC) pathways mediate changes in neuronal physiology that support learning, and specific PKC genes are required for multiple learning tasks. We used direct gene transfer of a constitutively active PKC to prime a specific POR cortex circuit for learning visual shape discriminations. In the experiment, rats learned a discrimination, received gene transfer, learned new discriminations, received a small lesion that ablated ≈21% of POR cortex surrounding the gene transfer site, and were tested for performance for discriminations learned either before or after gene transfer. Lesions of the genetically targeted circuit selectively interfered with performance for discriminations learned after gene transfer. Activitydependent gene imaging confirmed increased activity in the genetically targeted circuit during learning and showed the essential information was sparse-coded in ≈500 neurons in the lesioned area. Wild-type rats contained circuits with similar increases in activity during learning, but these circuits were located at unpredictable, different positions in POR cortex. These results establish that some essential information for performing specific visual discriminations can be encoded in a small, identified, neocortical circuit and provide a foundation for characterizing the circuit and essential information.
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learning | vision | protein kinase C | neocortex | herpes simplex virus vector M any current theories postulate that the essential information for specific cognitive learning problems is widely dispersed in the forebrain (1) (2) (3) . Supporting such theories, lesioning studies show ablation of an entire neocortical area is required to obtain a performance deficit, and activity-dependent gene imaging and fMRI studies show activity in multiple neocortical areas during learning. Nonetheless, synaptic plasticity and neural network theories hypothesize that the essential information for cognitive learning is encoded in localized circuits, by modifying synaptic strengths (4, 5) . In invertebrates, specific essential information has been mapped to specific circuits (4), and, in mammals, essential information for simple conditioning has been mapped to specific brain areas (6) . The existence of specific neocortical circuits that encode essential information is suggested by the partitioning of neocortex into areas and columns (7), localized stimulation-evoked experiential learning (8) , microstimulationmediated effects on cognition (9) , specific fMRI studies (10) , and specific human cognitive deficits (11) . However, it has proven difficult to map some essential information for an advanced cognitive function to a specific circuit in a neocortical area. An alternative approach is to target some essential information to an identified circuit, by genetically modifying the physiology of small groups of neurons in a specific neocortical area. With a suitable genetic intervention, the modified neurons will increase their response to incoming neuronal activity, including that associated with learning (12) , likely placing some of the essential information in the circuit containing the modified neurons (SI Text).
We developed a model system for exploiting this essential information-targeting approach by activating protein kinase C (PKC) pathways in small groups of rat postrhinal (POR) cortex neurons before visual shape discrimination learning (12, 13) . Rat POR cortex, and specific areas in monkeys and humans, are required for this learning (14) , specific PKC genes are required for multiple types of learning (15, 16) , and a constitutively active PKC is required for specific cognitive learning tasks (17) . We delivered a constitutively active PKC into several hundred spatially grouped glutamatergic and GABAergic POR cortex neurons via a virus vector (12) . This intervention activated PKC pathways, increased activation-dependent neurotransmitter release, and supported faster learning and improved steady-state accuracy for visual shape discriminations learned after gene transfer (12) . Further, activity-dependent gene imaging showed increased activity in the genetically targeted circuit during performance (12) .
Thus, we hypothesized that the genetically targeted circuit encodes some of the essential information for performance on specific image sets. To support this hypothesis, we show that small lesions that ablated the genetically targeted circuit selectively interfered with performance for discriminations learned after gene transfer, but not before. Activity-dependent gene imaging showed the essential information was sparse-coded in ≈500 neurons in the lesioned area. Wild-type (wt) rats showed similar increases in activity during learning, but these circuits were located at different, unpredictable positions in POR cortex. (SI Text details this introductory information.) Results Some Essential Information Is in a Specific Circuit. The hypothesis that the genetically targeted circuit encodes some of the essential information for performance on specific image sets was derived by further analysis of published results (12) . After gene transfer of a constitutively active PKC (PkcΔ) (12) or controls (PkcΔGG, a point mutation lacking enzyme activity, or wt), rats were either retested on an image set learned before gene transfer (pre-genetransfer image set) or tested on a new image set (post-genetransfer image set). Activity-dependent gene imaging (c-fos, Arc, Zif268) showed visual learning supported elevated activity throughout POR cortex compared with a control of PkcΔ/no visual testing, which exhibited minimal activity (12) , similar to other studies (18) . Importantly, during the learning, the circuit containing PkcΔ-transduced, but not PkcΔGG-transduced, neurons exhibited increased activity compared with the rest of POR cortex, but only when tested with a post-gene-transfer image set (12) . This localized increase in activity is termed an activity peak (SI Text). The activity peak was tightly correlated with the enhanced learning, because each was observed only under the same conditions, PkcΔ-transduced rats tested on a post-gene-transfer image set (12) . Thus, we hypothesized that some of the essential information for performance for a specific image set is encoded in the genetically targeted circuit containing the activity peak. This hypothesis predicts that after gene transfer and learning, small lesions that ablate the genetically targeted circuit should selectively reduce performance only for the experimental condition (PkcΔ) and postgene-transfer image sets.
This hypothesis and prediction were tested by using the following experimental design (Fig. 1A) . Simultaneous visual shape discrimination testing was performed by using a computer-controlled touchscreen apparatus (12, 13) . On each trial, the rats pressed a lever to obtain a two-object image set and pressed a touchscreen to choose an image (1 session per day; 120 trials or 1 h, whichever occurred first). First, rats were sequentially trained on two image sets ( vs. , followed by vs.
; pre-genetransfer image sets). The rats were ordered based on their rate of learning (SI Materials and Methods), and either PkcΔ or PkcΔGG was delivered into the POR cortex, via a cannula in each hemisphere. After gene transfer, rats were retested on a pre-gene-transfer image set ( vs. ), and then concurrently trained on two new image sets for a maximum of seven sessions (□ vs. + and / vs. \; post-gene-transfer image sets). The learning criterion for each image set was >65% correct on the last day of this training, or the average of the last 2 or 3 days if the values were within 10% of the last day (SI Materials and Methods), and 74% of the data met this relatively strict criterion given the limited duration of training. These rats achieved 81 ± 1% correct (mean ± SEM) and were matched for learning between gene transfer conditions (Table S1 ; Fig. 1 B-D Left shows the % correct for each condition, image set, and session). Next, rats either received a neurotoxin, NMDA, via the cannulas used for gene transfer, or served in a control group that did not receive NMDA. The chosen dose of NMDA ablated 21 ± 2% (mean ± SEM) of POR cortex (detailed below). After a 10-day lesioning/delay period, rats were tested on the post-gene-transfer image sets (□ vs. + and / vs. \), followed by testing on a pregene-transfer image set ( vs. ) and then killed for histological analyses. The experiment contained three groups: The experimental group received PkcΔ and a lesion (PkcΔ/lesion group), the lesion-control group received PkcΔGG and a lesion (PkcΔGG/lesion group), and the performance-control group received PkcΔ but no lesion (PkcΔ/no lesion group). Data are from eight independent sets of rats.
The results supported the hypothesis that some of the essential information for performance is encoded in a localized circuit. For each group and session after the lesion/delay, we calculated the average change in accuracy compared with before the lesion/delay ( Fig. 1 B-D Right) . Overall, this analysis showed the lesion/delay selectively reduced accuracy only in the experimental PkcΔ/ lesion group and only for post-gene-transfer image sets. For the image set □ vs. +, rats in the performance-control group (PkcΔ/ no lesion group; n = 15) showed a modest 6% decrease in average accuracy during session 1 after the delay, followed by a gradual, modest improvement to near baseline levels (Fig. 1B  Right) . Similarly, the lesion-control group (PkcΔGG/lesion group; n = 8), after the lesion showed a comparable small decrease in average accuracy and then recovery. Results for both control groups indicated the rats easily retain performance over the delay between tests. The second result showed that the surgery/lesioning procedure did not affect accuracy: In the lesion-control group, the lesions did not ablate a critical circuit.
In contrast, the experimental group (PkcΔ/lesion group; n = 17) showed large decreases in accuracy after the lesion-sessions 1 or 2 showed 17 and 13% decreases, respectively (Fig. 1B Right)-followed by recovery of performance. This recovery was slower than in the control groups and gradual, requiring at least ≈100 trials. This recovery was likely supported by the ≈79% of POR cortex that remained after the lesion and possibly perirhinal cortex, because complete ablation of these areas is required to prevent visual discrimination learning (14) (Discussion and SI Text). Statistical tests confirmed that the experimental group exhibited deficits compared with either control group. A two-way ANOVA showed significant differences for both group and session (F 2,146 = 12.8, P < 0.001; F 3,146 = 6.09, P < 0.001). Pairwise comparisons (Student-Neumann-Keuls test) separately confirmed this difference between the experimental and control groups (PkcΔ/lesion vs. PkcΔGG/lesion or PkcΔ/no lesion; P < 0.001) and showed that the lesion-control and performance-control groups were similar (P > 0.05). To examine the time course of this difference, we performed a one-way ANOVA on each post-lesion/delay session. The experimental and control groups differed significantly over session 1 and 2 (F 2,37 = 6.17, P < 0.006; F 2,37 = 5.05, P < 0.02. Pairwise comparisons: PkcΔ/lesion vs. PkcΔGG/lesion or PkcΔ/no lesion, session 1. P < 0.035; session 2, P < 0.05; PkcΔGG/lesion vs. PkcΔ/no lesion, session 1 or 2, P > 0.05). Accuracy differed significantly among the groups during session 3 (F 2,36 = 3.97, P < 0.03), but pairwise comparisons revealed this difference to be only between the PkcΔ/lesion and PkcΔGG/lesion groups (P < 0.03). The groups were similar by session 4 (F 2,36 = 0.69, P > 0.05). The results on the other post-gene-transfer image set, / vs. \ (Fig. 1C) , were similar to those obtained by using □ vs. +. The two control groups again showed minimal deficits on session 1 (3 or 0%; Fig. 1C Right) compared with before the lesion/delay, followed by gradual, modest improvements (PkcΔ/no lesion, n = 18; PkcΔGG/lesion, n = 12; the learning criterion was applied to each image set separately, resulting in modest differences in group sizes between image sets). In contrast, the experimental group (PkcΔ/lesion, n = 13) again showed large deficits in accuracy during sessions 1 and 2 (14 and 8%; Fig. 1C Right) , followed by gradual recovery. Statistical tests confirmed that the experimental group differed from the control groups (group F 2,152 = 10.0, P < 0.001; session F 3,152 = 5.98, P < 0.001. Pairwise comparisons: PkcΔ/lesion vs. PkcΔGG/lesion or PkcΔ/no lesion, P < 0.001; PkcΔGG/lesion vs. PkcΔ/no lesion, P > 0.05). These group differences were found in sessions 1 and 2 but were absent for sessions 3 and 4 (session 1, F 2,40 = 4.78, P < 0.02; session 2, F 2,37 = 4.78, P < 0.02; session 3, F 2,37 = 1.08, P > 0.05; session 4, F 2,38 = 1.39, P > 0.05. Pairwise comparisons: PkcΔ/lesion vs. PkcΔGG/lesion or PkcΔ/no lesion; session 1, P < 0.05 or session 2, P < 0.03; PkcΔGG/lesion vs. PkcΔ/no lesion; session 1 or 2, P > 0.05).
The results for the pre-gene-transfer image set ( vs. ) suggested that its critical circuits were not located proximal to the injection site. Regardless of condition, accuracy for the three groups was similar; each group showed a modest deficit of 5-7% in session 1, followed by gradual improvement (Fig. 1D) . The modest deficits in session 1 were likely due to the long 46-day interval between initial acquisition and post-lesion/delay testing (Fig. 1A) . Statistical tests confirmed performance of the groups was similar, overall and across sessions (group F 2,174 = 0.93, P > 0.05; session F 3,174 = 2.52, P < 0.05. Sessions 1, 2, 3, or 4, P > 0.05; PkcΔ/no lesion, n = 20; PkcΔGG/lesion, n = 15; PkcΔ/lesion, n = 14). These results indicate that the essential information for the pregene-transfer image set was not near the injection site and is consistent with the hypothesis that it was at different positions in POR cortex among the rats. Thus, the lesions only reduced accuracy if they ablated the activity peak, supporting the hypothesis that some of the essential information for a specific image set is encoded in the circuit containing the activity peak.
Histological analyses confirmed recombinant gene expression and showed it was similar to previous results (12) (SI Text). The vectors coexpress PkcΔ (or PkcΔGG) and β-galactosidase (β-gal), and PkcΔ (and PkcΔGG) contains the flag tag (12) . In the PkcΔ/no lesion group, we observed 97 ± 0.2% coexpression of PkcΔ and β-gal (mean ± SEM, costaining for flag-immunoreactivity (IR) and β-gal-IR; n = 4 hemispheres from two rats; Fig. S1 A-F) . Stereology revealed 428 ± 25 X-gal cells per hemisphere (mean ± SEM, n = 6 hemispheres from three rats; Fig. S1 G-I) , and 93 ± 1.3% of the β-gal-IR cells contained a neuronal marker, NeuN (mean ± SEM, n = 4 hemispheres from two rats; Fig. S1 J-L) .
We established that the lesions ablated 21 ± 2% of POR cortex, including most of the transduced neurons, by staining for NeuN. In a representative PkcΔ/lesion rat, a coronal section near the center of a lesion showed that ≈50% of POR cortex was ablated (Fig. S2A) , but near one end of this lesion, only a small fraction of POR cortex was ablated (Fig. S2B ). Higher power views show the lesion border, defined as the external border of the volume containing reduced neuron density (Fig. S2C) , an area within the lesion lacking NeuN-IR cells (Fig. S2D) , and an area outside of the lesion containing NeuN-IR cells (Fig. S2E) . By examining a set of serial sections spanning this lesion (Fig.  S3A) , we calculated that this lesion ablated 20% of POR cortex (POR cortex volume, 3.56 ± 0.04 × 10 9 μm 3 , mean ± SEM, n = 3 hemispheres from three rats). The lesion volume criterion was for each hemisphere >50% within POR cortex, and 89% of the lesioned rats met criterion (Table S2) . Lesion volume could not be determined for five rats that received PkcΔGG because of poor perfusions; these rats were excluded from the PkΔGG/ lesion group, but inclusion of these rats does not change the significance of the statistical tests of the learning data (above). Lesion volume was determined for every rat and every hemisphere in the PkcΔGG/lesion and PkcΔ/lesion groups (Table S2; photomicrographs of sections from all hemispheres with lesions at www.pigeon.psy.tufts.edu/Geller_PNAS_lesions). The lesions ablated statistically equivalent volumes of POR cortex in the PkcΔGG/lesion and PkcΔ/lesion groups, 19 ± 3% or 21 ± 2% (mean ± SEM; F 1,34 = 0.51, P > 0.05; PkcΔGG/lesion, n = 16 rats; PkcΔ/lesion, n = 20 rats; average of both hemispheres, Table S2 ). The lesion volume of 21 ± 2% of POR cortex is a conservative measurement; defining the lesion border by the more stringent criterion of lacking almost all neurons reduced the lesion volume by 18 ± 7% (mean ± SEM; n = 3 hemispheres from three rats; Fig. S3 B and C) . We verified that the lesions ablated most transduced neurons by costaining for β-gal-IR and flag-IR; most lesioned brains contained few, if any, transduced cells (Fig. S3 D-I) .
Some lesions likely only partially ablated the essential information/activity peak, because of inherent variability in lesion size and placement. Consistent with this analysis, accuracy for the first session after the lesion was above chance for the experimental group (□ vs. +, 63 ± 2% (mean ± SEM); / vs. \, 70 ± 4%). Further, any partial ablation of the essential information/ activity peak predicts that lesion size should correlate with the deficit in accuracy after the lesion, but only for the PkcΔ/lesion group and its post-gene-transfer image sets. For individual rats, we compared mean lesion volume (average of both hemispheres; Table S2 ) with post-lesion deficit (session 1 post-lesion compared with pre-lesion). In the PkcΔ/lesion group, lesion size positively correlated with the deficit in accuracy, for each postgene-transfer image set separately or both combined ( Fig. 2A; □ vs. +, r(16) = 0.55, P < 0.03; / vs. \, r(12) = 0.75, P < 0.005; both image sets r(29) = 0.64, P < 0.0002). In contrast, this correlation was not observed in the PkcΔ/lesion group for the pre-genetransfer image set ( Fig. 2B; vs. , r(13) = 0.33, P > 0.05), or in PkcΔGG/lesion group for any image set (Fig. 2C , □ vs. +, r (7) = 0.02, P > 0.05; / vs. \, r(11) = 0.40, P > 0.05; both image sets, r(19) = 0.16, P > 0.05. Fig. 2D , vs. , r(12) = 0.16, P > 0.05).
Essential Circuit Location in POR Cortex. The hypothesis that the genetically targeted circuit/activity peak contains some essential information implies that for wt and PkcΔGG rats, and either a pre-or post-gene-transfer image set, activity peaks exist, but are located at different positions in POR cortex among the rats. This prediction was evaluated by using the following experimental design (Fig. 3A) : Rats were trained on a pre-genetransfer image set ( vs. ), ordered based on their learning (SI Materials and Methods), and gene transfer was performed [PkcΔ or control (wt)]. Rats were retested on the pre-genetransfer image set, trained on one post-gene-transfer image set (□ vs. + or / vs. \), and analyzed for neuronal activity. We quantified activity throughout POR cortex by using c-fos imaging, stereological methods, and our established procedures (12) . Because neocortex has a columnar functional organization (7), in each section, c-fos-IR densities were determined for seven adjacent 200-μm-wide columns that extended from the cortical surface to the white matter ( Fig. 3 B and C) ; individual c-fos-IR nuclei were visible under high power (Fig. 3d) . For each condition and image set, c-fos-IR densities were averaged over all hemispheres. Data are from seven independent sets of rats.
Using PkcΔ, the peak of c-fos-IR density was proximal to the injection site, and each of the two groups used a different injection site (Figs. S4 and S5 have graphs of each hemisphere). For □ vs. +, the injection site was in posterior POR cortex (n = 7 hemispheres from five rats), and for / vs. \, the injection site was in anterior POR cortex (n = 5 hemispheres from three rats). Combining the data from both image sets yielded a broad area of modestly increased c-fos-IR density in the middle of POR cortex (Fig. 3E) . Next, we transformed the data to peak-centered coordinates; the highest point in each hemisphere was designated as the origin, and all of the hemispheres in a group were averaged together (SI Materials and Methods). The results confirmed that each group contained a peak of c-fos-IR density (both image sets, Fig. 3E; □ vs. + or / vs. \, Fig. S4 ). Next, we transformed the data to injection-site-centered coordinates; the section containing the end of the needle track was designated as the origin in the AP dimension. The results showed that each group contained a peak of c-fos-IR density proximal to the injection site (both image sets, Fig. 3E ; □ vs. + or / vs. \, Fig. S4 ).
Each wt group contained relatively uniform levels of average c-fos-IR density in POR-centered coordinates (both image sets, Fig. 3E . □ vs. + or / vs. \, Fig. S4 ; n = 11 hemispheres from six rats or n = 7 hemispheres from six rats; Fig. S6 has graphs of each hemisphere). Similarly, many laboratories have performed activity-dependent gene imaging after specific learning tasks and found relatively uniform levels of activity throughout POR (18) or other (1) neocortical areas (SI Text). Suspecting that averaging across rats might yield the apparently uniform levels, we transformed these data to peak-centered coordinates, which revealed that each group of wt rats contained a peak of c-fos-IR density (both image sets, Fig. 3E ; □ vs. + or / vs. \, Fig. S4) .
Quantification of the locations of the peak centers confirmed that the peaks in the PkcΔ condition were proximal to the injection sites, but the peaks in the wt condition were distributed throughout POR cortex. For each of the two PkcΔ groups, the peak centers were proximal to the injection sites; the mean distance from each peak center to the injection site was 30 or 90 μm in the AP dimension (Table 1; see Table S3 for each hemisphere). To obtain the minimal distribution of the peak centers in POR-centered coordinates, for each condition and image set, we calculated the position of the average peak center (in the AP dimension) and then calculated the mean distance of the individual peak centers from the average peak center. For each PkcΔ group, the mean distance between the individual peak centers and the average peak center was 130 or 250 μm (Table 1  and Table S3 ). Because some injection sites were not correctly placed at the intended location, the mean distance between the individual peak centers and the average peak center was larger than the mean distance from each peak center to the injection site (distance F 1,20 = 9.08, P < 0.01; image set F 1,20 = 0.41, Fig. 3 . For PkcΔ-rats, the activity peaks are in the genetically targeted circuit, and wt rats contain activity peaks, but at unpredictable locations among rats. P > 0.05; two-way ANOVAs). Nonetheless, the mean distance between the individual peak centers and the average peak center was significantly larger for each wt group, 290 or 490 μm, than for the PkcΔ groups (condition F 1,26 = 9.81, P < 0.005; image set F 1,26 = 0.49, P > 0.05).
Sparse-Coded Critical Circuit in ≈500 Neurons. We designated the activity peak border as the contour at 25% of the maximum c-fos-IR density in that hemisphere (Figs. S5 and S6) . We calculated the volume of POR cortex that contains the peak. The average peak volume was 16 ± 2% of POR cortex (mean ± SEM; n = 30 hemispheres; Table 1 and Table S3 ), and the average peak volume was similar for each condition and image set (condition F 2,26 = 0.96, P > 0.05; image set F 2,26 = 0.60, P > 0.05). Of note, the approximation used to define the peak borders yielded an average peak volume for the PkcΔ condition (19 ± 3% of POR cortex) that was similar to the average lesion volume for the PkcΔ/ lesion group (21 ± 2% of POR cortex; F 1,30 = 0.17, P > 0.05).
We calculated the number of neurons in each peak from the cfos-IR densities in each peak. The results (Table 1 and Table S3) showed that an important part of the critical circuit, the circuit within the peak (SI Text), contained 508 ± 64 (mean ± SEM) neurons, ≈0.5% of the 1.1 × 10 6 neurons in POR cortex (19) , and was similar for each condition and image set (condition F 2,26 = 2.19, P > 0.05; image set F 2,26 = 0.04, P > 0.05). The errors in this estimate are modest (SI Text).
We calculated the coding density of the peak by dividing the number of active neurons in the peak by the total number of neurons in the peak volume (assuming a uniform distribution of the 1.1 × 10 6 neurons in POR cortex; ref. 19 and SI Materials and Methods). The results (Table 1 and Table S3 ) showed the peak was sparse-coded, with a coding density of 2-3%, and the coding density was similar for each condition and image set (condition F 2,26 = 3.47, P > 0.05; image set F 2,26 = 1.58, P > 0.05). To confirm this result, we directly determined the coding density for the PkcΔ/□ vs. + condition by covisualizing active neurons (c-fos-IR) and all neurons (NeuN-IR) in sections containing an injection site (Fig. 4) . Cell counts showed the coding density was 6.7 ± 0.5% (mean ± SEM; 600 ± 40 NeuN-IR cells were examined per rat and 40 ± 4 neurons contained c-fos-IR, n = 5 hemispheres from five rats). Thus, the direct measurement of the coding density was ≈2-fold higher than that calculated from the c-fos-IR density graphs, and this difference was likely because the direct method determined the maximum coding density, the coding density at the peak center (injection site), whereas the calculation based on the graphs determined the average coding density throughout the critical circuit/peak.
Discussion
The results from the lesioning experiment showed the genetically targeted circuit is essential for performance. The deficits were robust and selective for genetically modified animals, and then only for discriminations learned after gene transfer. The imaging results indicated the critical circuit exhibits increased activity during performance, contains a small number of neurons, and is sparse-coded. These results strongly imply that the genetically targeted circuit in POR cortex encoded some essential information for maintaining performance for specific visual discriminations, those learned after gene transfer.
In rats that received PkcΔ, ablation of a small fraction of POR cortex was sufficient to produce deficits, but in wt animals, a large literature characteristically shows removal of an entire neocortical area is required to produce deficits (14, 20) (SI Text). This apparent paradox can be resolved by the observation that among wt rats, the activity peaks are located at unpredictable positions in POR cortex; larger lesions that ablate all of POR cortex would be required to ensure removal of these activity peaks/critical circuits. Consistent with this explanation, rats that received the control vector and the small lesions (lesion-control group) showed no greater decline in performance than the performance-control group (experimental vector, no lesion): Because the control vector lacks PKC activity, the activity peaks in these rats were likely located at different positions within POR cortex (as for wt rats), and the small lesions centered at the injection site likely missed the activity peak/critical circuit. Thus, for rats that received the control vector or wt rats, lesioning the entire POR cortex would likely be required to produce deficits, consistent with the prior literature.
The major alternative to elimination of a critical circuit in the experimental group is the performance deficit is due to a deficit in retrieving information. Recovery from a specific amnesic agent can support either explanation (21, 22) . However, our results cannot be explained by damage to a general retrieval mechanism, which would also have caused deficits in performance for discriminations learned before gene transfer; such deficits were not observed. The recovery in performance that was eventually observed was likely mediated by the ≈79% of POR cortex remaining after the lesion and perirhinal cortex; complete lesions of these areas prevent acquisition of visual discriminations (14) . Thus, recovery was likely supported by some combination of three potential sources (SI Text): remnants of the critical circuit (due to the small lesions; Fig. 2 ), strengthening of other circuits containing relevant information (possibly formed by the increased activity throughout these areas during visual learning; refs. 12 and 18), or gradual relearning after the lesion/delay. Nonetheless, the primacy of the critical circuit identified here is indicated by the numerous trials (>100) required to selectively recover performance in the experimental group for discriminations learned after gene transfer.
The hypothesis that some of the essential information for specific cognitive learning tasks is encoded in localized circuits in specific neocortical areas was supported. This hypothesis is congruent with synaptic plasticity and neural network theories that hypothesize essential information is encoded in localized circuits by modifying synaptic strengths (4, 5) . Further, neural network theory shows small numbers of units can encode essential information, and content-addressable essential information requires sparse coding (5) . Also, this hypothesis is generally consistent with the modular organization of neocortex and several classes of physiological studies (7-11) (SI Text).
Our results are consistent with current system neuroscience theory and many experiments showing that essential information for cognitive learning is distributed in multiple neocortical areas and redundantly coded (1-3). The specificity of our deficits suggests that specific localized circuits are essential for performance, and these and other circuits together likely form the distributed elements. The distributed and redundant representations enable recovery but cannot immediately support performance if a specific critical circuit is ablated. When the experimental challenge posed by the unpredictability of critical circuit location among wt animals is addressed, using the essential information-targeting strategy (12, 23) (SI Text), then it appears that small lesions can selectively reduce performance for specific discriminations. Of note, the capability to target some essential information to a small neocortical circuit may benefit elucidating central properties of the critical circuit and encoded information.
Materials and Methods
Vectors. Helper virus-free herpes simplex virus (HSV-1) packaging of the PkcΔ and PkcΔGG vectors, purification, and titering were performed (12) [SI Materials and Methods; titers, 5.0 ± 0.1 × 10 6 (mean ± SEM) infectious vector
